The incompatible pathosystem between resistant cotton (Gossypium barbadense cv. 7124) and Verticillium dahliae strain V991 was used to study the cotton transcriptome changes after pathogen inoculation by RNA-Seq. Of 32 774 genes detected by mapping the tags to assembly cotton contigs, 3442 defence-responsive genes were identified. Gene cluster analyses and functional assignments of differentially expressed genes indicated a significant transcriptional complexity. Quantitative real-time PCR (qPCR) was performed on selected genes with different expression levels and functional assignments to demonstrate the utility of RNA-Seq for gene expression profiles during the cotton defence response. Detailed elucidation of responses of leucine-rich repeat receptor-like kinases (LRR-RLKs), phytohormone signalling-related genes, and transcription factors described the interplay of signals that allowed the plant to fine-tune defence responses. On the basis of global gene regulation of phenylpropanoid metabolism-related genes, phenylpropanoid metabolism was deduced to be involved in the cotton defence response. A closer look at the expression of these genes, enzyme activity, and lignin levels revealed differences between resistant and susceptible cotton plants. Both types of plants showed an increased level of expression of lignin synthesis-related genes and increased phenylalanine-ammonia lyase (PAL) and peroxidase (POD) enzyme activity after inoculation with V. dahliae, but the increase was greater and faster in the resistant line. Histochemical analysis of lignin revealed that the resistant cotton not only retains its vascular structure, but also accumulates high levels of lignin. Furthermore, quantitative analysis demonstrated increased lignification and cross-linking of lignin in resistant cotton stems. Overall, a critical role for lignin was believed to contribute to the resistance of cotton to disease.
Introduction
Deep-sequencing technologies have become a revolutionary tool to better understand the complicated eukaryote transcriptomes, and they include three widely used deepsequencing platforms throughout the world, the Roche 454 Life Sciences, the Illumina Genome Analyzer, and Applied Biosystems' SOLiD (Ansorge, 2009) . Highly specific, sensitive, and quantitative measurements enable the deepsequencing technologies to overcome the shortcomings of traditional hybridization-based approaches. Different from the traditional hybridization-based approaches, highthroughput sequencing technologies, referring to as RNASeq, have much greater power to distinguish between paralogous genes, detect low or high abundance transcripts, and allow replicate quantification based on the number of sequences obtained (Wang et al., 2009) . Furthermore, RNA-Seq can identify transcript sequence polymorphisms and novel trans-splicing and splice isoforms; in addition, there is no strict requirement for a reference genome sequence (Bethel et al., 2009) . These features make RNASeq available to study the non-model species with genomic sequences that are yet to be determined.
Several reports based on RNA-Seq in human, mouse, yeast, Drosophila melanogaster, Arabidopsis thaliana, and Vitis vinifera have been published (Cloonan et al., 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008; Gan et al., 2010; Otto et al., 2010; Zenoni et al., 2010) . Recently, RNASeq was also reported to analyse non-model species by mapping to a sequence database or a characterized genome of related organisms (Xu et al., 2009; Birzele et al., 2010) . Millions of short tags were generated using the platform for interpreting the genome and revealing the transcriptomic changes during development.
Cotton (Gossypium spp.) is widely cultivated for the important economic value of its fibre. The cotton acreage in China reached 4.85 million ha and the yield reached 5.97 million tons in 2010. Cotton Verticillium wilt caused by Verticillium dahliae is a soil-borne vascular disease (Sal'kova and Guseva, 1965) . The representative symptoms caused by V. dahliae in the susceptible cotton include leaf curl, necrosis and defoliation, and vascular tissue wilt and discolouration (Sink and Grey, 1999) . Verticillium wilt was spread to China by cotton introduction from America in 1935 and was responsible for the significant losses in the 1970s and 1980s (Bugbee, 1970; Cai et al., 2009) . In China, an area of >2 million ha of cotton is subject to Verticillium wilt, and the disease has become the most economically important disease of cotton. A severe outbreak of this disease causes reduction in fibre quality and significant yield losses, which may be up to 30% (Cai et al., 2009) . The symptoms of diseased cotton seedlings in the field are shown in Supplementary Fig. S1A available at JXB online. Anatomical analysis of the diseased cotton stem exhibited wilt of the vascular structure, shown in Supplementary Fig.  S1B . However, no efficient management has been developed for the control of this disease. First, conventional breeding for improvement of cotton resistance to Verticillium wilt has not been successful (Cai et al., 2009) . There are few available commercial Upland cotton (Gossypium hirsutum) varieties with resistance to V. dahliae. The cotton species G. barbadense is immune to V. dahliae, but it is not the main cultivar worldwide. Secondly, there is no chemical pesticide available for cotton Verticillium wilt as it is a soil-borne vascular disease. Lastly, cultural practices such as seeding, irrigation, fertilization, and crop rotation are known to impact disease development but are not able to control Verticillium wilt effectively (Kamal et al., 1985) .
Recent development of molecular biology and bioinformatics technology has made it possible to better understand the molecular mechanism during plant-pathogen interaction and provide the possibility to improve plant disease resistant through plant genetic engineering. Plants use a series of defence mechanisms to protect themselves against pathogen attack through a complex perception, transduction, and exchange of signals (Verhage et al., 2010) . As an initial step in responding to pathogen challenge, plants sense the non-self signals in a timely fashion, and then signal transduction is conducted by a phytohormone signalling pathway and other signalling systems. After signal perception and transduction, subsequent transcriptional activation or repression of transcription factors (TFs) eventually leads to the induction of downstream signal transduction, the expression of plant defence-related genes, the production of phytoalexin, and the reinforcement of the cell wall (Yang et al., 1997) .
Some previous studies have emphasized the molecular mechanism of the Verticillium wilt disease caused by V. dahliae. Resistant species can also be colonized by the fungus, followed by a serious basal defence response and quick induction of phytoalexin production, including terpenoids and phenylpropanoid substances (Cu et al., 2000; Tan, et al., 2000; Mcfadden, et al., 2001) . Cotton terpenoid phytoalexins are synthesized as a defence response, induced by fungal and bacterial infection or other environmental stimuli. Some reports have elucidated the cotton terpenoid pathway, which may contribute greatly to the cotton defence response to pathogens (Tan et al., 2000; Luo et al., 2001; Xu et al., 2004) . Phenylpropanoids function as preformed and inducible antimicrobial compounds in plantmicrobe interactions (Naoumkina et al., 2010) . Previous studies have reported that the phenylpropanoid pathway plays a critical role during the plant defence response to V. dahliae (Smit and Dubery, 1997; Pomar et al., 2004; Gayoso et al., 2010) . The only Verticillium resistance genes, Ve1 and Ve2, coded for receptor-mediated endocytosis, and with leucine zipper motifs and PEST sequences, were cloned in tomato (Solanum lycopersicum) by map-based cloning (Kawchuk et al., 2001) . The resistant tomato line LA3038 (Ve/Ve) exhibited induction of H 2 O 2 production and an increase in peroxidase (POD) and phenylalanine-ammonia lyase (PAL) activity in inoculated roots, as well as an increase in the synthesis of lignins (Gayoso et al., 2010) . Cotton (G. hirsutum) hypocotyl tissue exhibited increased synthesis and deposition of lignin and lignin-like phenolic polymers after treatment with the elicitor from V. dahliae (Smit and Dubery, 1997) . Some important enzymes of the phenylpropanoid pathway including chalcone synthase (CHS) and PAL have been characterized in cotton after infection with V. dahliae (Cu et al., 2000) .
Several studies have characterized transcriptomic changes in the cotton defence response by hybridization-or sequence-based approaches (Hill et al., 1999; Zuo et al., 2005) . In the authors' laboratory, 211 unique genes were differentially identified in the G. barbadense response to V. dahliae by combining the use of suppression subtractive hybridization and microarray (Xu et al., 2011) . However, because of the complicated cotton genome, the limited information cannot provide a comprehensive understanding of the cotton defence response to V. dahliae. The recent development of deep-sequencing technology has made it possible to monitor the gene expression profiles of the defence response systematically and offers a great potential to enrich our understanding of how cotton has elaborated various chemical defence mechanisms against pathogen attacks.
In this study, the first global analysis of the cotton defence transcriptome dynamics was performed using the RNA-Seq method. On the basis of global gene regulation of phenylpropanoid metabolism-related genes, phenylpropanoid metabolism was deduced to be involved in the cotton defence response to V. dahliae. A closer look at the expression of these genes, enzyme activity, and the lignin level revealed obvious differences between resistant and susceptible cotton plants.
Materials and methods
Preparation of material A highly aggressive defoliating fungus, V. dahliae V991, was incubated on a potato-dextrose agar plate for 1 week and then was inoculated into Czapek broth on a shaker at 120 rpm at 25°C for 3-4 d, until the concentration of spores reached ;10 8 -10 9 spores ml
À1
. The suspension liquid was adjusted to 10 7 spores ml À1 with sterile distilled water for inoculation (Sink and Grey, 1999) . The G. barbadense L. variety 7124 (resistant) and G. hirsutum L. variety YZ-1 (susceptible) seeds were grown in commercial sterilized soil (a complex of soil, peat, and composted pine bark) at 24°C/20°C day/night temperatures with a photoperiod of 14 h light and 10 h dark for 2-3 weeks.
The cotton seedlings were infected with V. dahliae by root dip inoculation into a suspension of fungal spores for 1 min and then were returned to their original pots. Control plants were not inoculated but were otherwise treated and sampled with distilled water in the same way. Roots of four individual seedlings were collected for each treatment at each sampling time point.
Illumina sequencing and data processing Total RNA was isolated from the collected roots using a modified guanidine thiocyanate method (Tu et al., 2007) . The five RNA samples, including four samples isolated from G. barbadense cotton roots inoculated after 4, 12, 24, and 48 h and a mixed sample of mock-inoculated plants after 4, 12, 24 , and 48 h, were sent to Beijing Genomics Institute (Shenzhen) where the libraries were produced and sequenced using the Illumina Genome Analyzer (Solexa). Briefly, the cDNA was digested with NlaIII and then ligated with the first adaptor containing the recognition site of MmeI, a type II endonuclease that cleaves at sites 21 bp from the recognition site. After digestion by MmeI, the transcripts were ligated with the second adaptor. With the sequencing primers designed based on the two adaptors, each tunnel will generate millions of raw reads with a sequencing length of 35 bp. Raw sequences were transformed into clean tags after certain steps of data processing, including removal of the 3' adaptor sequence, empty reads, low-quality tags, and tags that are too long or too short, leaving tags of 21 bp.
All clean tags were mapped to the cotton contigs assembly using the Bowtie mapping algorithm and only allowed no more than a 1-nucleotide mismatch (Langmead et al., 2009) . Clean tags mapped to the reference contigs assembly from multiple genes were filtered. The remaining clean tags were designed as unambiguous clean tags. The number of unambiguous clean tags for each gene was calculated and then normalized to TPM (number of transcripts per million clean tags), which associated the tag number with gene expression levels (Morrissy et al., 2009) . Differential gene expression between pathogen-inoculated and mock samples was determined by taking the log2 ratio of TPM.
Identification of differentially expressed genes
A rigorous algorithm was used to identify differentially expressed genes in the cotton defence response. The false discovery rate (FDR) was set at 5% to determine the threshold of P-value in multiple tests and analyses by manipulating the FDR value (Audic and Claverie, 1997) . P <0.001 and the absolute value of log2Ratio >1 were used as the threshold to judge the significance of gene expression difference according to Audic and Claverie (1997) . Cluster analysis of gene expression patterns was performed by Genesis based on the K-means method (http://genome.tugraz.at/) (Sturn et al., 2002) . Gene ontology (GO) analysis was applied to predict gene function and calculate the functional category distribution frequency.
Data validation by qPCR and RT-PCR First-strand cDNA was generated from 3 lg of total RNA isolated from roots of both mock-treated and pathogen-treated G. barbadense and G. hirsutum plants by using the Superscript first-strand synthesis system (Invitrogen, Foster City, CA, USA). The quantitative real-time PCR (qPCR) experiment was conducted according to the guidelines of the Minimum Information for Publication of Quantitative Real-Time PCR Experiments (Bustin et al., 2009) . Primers for qPCR were designed using Primer Express 3.0 software (Applied Biosystems, Foster City, CA, USA), synthesized commercially (Genscript Biotechnology, Nanjing, China), and are shown in Supplementary Table S1 at JXB online. For qPCR, 20 ll qPCRs were run in three technical replicates on an ABI 7500 Real Time PCR System (Applied Biosystems), using 5 ll of first-strand cDNAs and SYBR Green PCR Master Mix (Applied Biosystems). PCR cycles were as follows: one cycle of 1 min at 94°C, followed by 40 cycles at 94°C for 15 s and 58°C for 45 s. Following amplification, all products were subjected to melt curve analysis. A negative control without a cDNA template was run with each analysis to evaluate the overall specificity. The cotton ubiquitin gene was used as the reference gene to normalize the total amount of cDNA in each reaction. Relative fold changes were calculated with 2
ÀDDCt using the SDS software from the 7500 Real Time PCR System (Applied Biosystems) (Rieu and Powers, 2009) . To assess the correlation between different platforms, the Pearson correlations were calculated by SPSS 16.0 to compare the mRNA expression levels measured by RNA-Seq and qPCR.
Primers for reverse transcription-PCR (RT-PCR) were designed using Primer premier 5.0 software and synthesized commercially (Genscript Biotechnology), as shown in Supplementary Table S2 at JXB online. Standard PCR cycles were as follows: one cycle of 5 min at 94°C, followed by 32 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s, and a final step at 72°C for 5 min. The cotton ubiquitin gene was used as a control. The PCR products were separated on 1.2% agarose gel and stained with ethidium bromide.
Measurement of enzyme activities
The root and stem samples were collected at 1, 4, 12, 24, 48, 96, 144 , and 240 h from both V. dahliae-and mock-inoculated cotton plants. Four plants were collected for each sample at different time intervals and were frozen immediately in liquid nitrogen and stored at À70°C. Samples of 100 mg were homogenized in extraction buffer (sodium acetate 50 mM, pH 5.0) using a mortar and pestle. The lysate was then centrifuged at 14 000 g for 15 min at 4°C. The supernatant was collected as crude enzyme for the estimation of enzyme activities.
The determination of PAL activity was performed according to the method of Dubery and Smit (1994) . The extract was incubated for 2 h at 37°C in 10 mM l-phenylalanine, 0.1 M sodium borate, pH 8.8. The reaction was stopped by adding 5 M HCl. The mixture was centrifuged and the amount of trans-cinnamic acid formed in the supernatant was measured spectrophotometrically at 290 nm. PAL activity was expressed as micrograms of cinnamic acid formed per microgram of protein. The determination of POD activity was assayed at 470 nm by using guaiacol as hydrogen donor (Smit and Dubery, 1997) . The reaction mixture contained 0.1 M NaPi, 50 mM guaiacol, 10 mM H 2 O 2 , and crude extracts.
The assay was carried out for 5 min at 25°C and enzyme activity was determined over the linear part of the reaction spectrophotometrically at 470 nm; POD activity was expressed as nanokatal (nKat) per gram of sample.
Histochemical test
Hand-cut cross-sections were made from the base of the stem of both the inoculated and mock-treated cotton plants at 14 d after treatment. Lignin histochemistry was examined using Wiesner reagent (Pomar et al., 2004) . Cross-sections were incubated for 10 min in a phloroglucinol solution (2% in 95% ethanol) or 95% ethanol (staining control), treated with 18% HCl for 5 min, and directly observed with a bright-field microscope using a Leica fluorescence microscope (DM2500, Leica, Wetzlar, Germany).
Determination of total lignin content and lignin monomer composition Total lignin content was determined by the Klason method with modifications (Eudes et al., 2006) . The lignin content was determined in three biological replicates and from 300 mg of extractfree dry stem. The Klason lignin content was calculated as weight percent of dry extract-free stem.
Alkaline nitrobenzene oxidation and high-performance liquid chromatography analyses were performed to analyse the lignin monomer composition (Lapierre et al., 1995; Billa et al., 1996) . Quantification of the monomer composition was carried out at 280 nm and 313 nm, using the corresponding standards.
Results
The highly aggressive defoliating fungus V. dahliae strain V991 was used to inoculate G. barbadense cv. 7124 (resistant) and G. hirsutum cv. YZ-1 (susceptible). Successful infection was verified by the appearance of visual symptoms on inoculated susceptible plants (Fig. 1) . The susceptible plants exhibited cotyledon wilting, leaf chlorosis, and severe dwarfing. However, the resistant plants also showed slight stunting compared with the control plants. The incompatible pathosystem between G. barbadense cv. 7124 and V. dahliae V991 was developed to study the transcriptome changes after pathogen inoculation by RNA-Seq.
Analyses of RNA-Seq data
A total of 27 947 550 tags were generated that were 21 bp in length. Each sample was represented by at least 5.5 million tags, which is sufficient for quantitative analysis of gene expression. For each sample, ;50% of the tags were not mapped to the assembly cotton contigs. Of the total tags, 44.8% mapped tags included 38.9% matched unique reference sequence. About 2 million unambiguous clean tags per sample for each gene were calculated and then normalized to TPM, which associated the tag numbers with gene expression levels. The summary of the tag information is shown in Table 1 .
Cluster and functional assignments of differentially expressed genes A total of 32 774 genes were detected during the cotton defence response to V. dahliae. Among these, 3442 differentially expressed genes were filtered with a cut-off of P <0.001 and the absolute value of log2Ratio >1 based on the FDR <0.05 (Supplementary Data S1 at JXB online). The number of genes up-or down-regulated at different time points after pathogen inoculation is shown in Fig. 2 . With an increase in time after inoculation, the number of the differentially expressed genes also increased. More down-regulated genes were identified than up-regulated genes at all time points after pathogen inoculation. Genes were divided into three groups based on their expression patterns after pathogen inoculation by Genesis based on K-means method (Fig. 3) . Type I and II included genes positively and negatively regulated during the cotton defence response both including five clusters. Type III included genes showing complex expression patterns.
To facilitate the global analysis of gene expression profiles and evaluate the potential functions of genes that showed significant transcriptional changes after pathogen challenge, GO-based classification was conducted by sequences subjected to InterPro and GO annotation. A total of 2128 genes were annotated from 3442 differentially expressed genes based on sequence similarity to those in the public databases. The GO functional classification analysis on each type was performed to calculate the functional category distribution frequency based on biological processes level 3 (Fig. 4) . Analysis of categories revealed that the defence-responsive genes were classified into 22 biological processes, including metabolism, transport, catabolic process, response to stress and stimulus, biosynthetic process, regulation, cell communication, and so on. It implied that normal developmental processes were strongly affected after pathogen invasion. Type I, with genes mainly up-regulated during the defence response, included more genes assigned to secondary metabolism process than type II, which also correlated with the following results regarding the contribution of secondary metabolism to disease resistance.
Validation of RNA-Seq-based gene expression by qPCR
To validate the RNA-Seq-based gene expression levels that correlated with the number of tags obtained, qPCR was performed on selected genes with different expression levels and functional assignments. Transcriptional regulation revealed by RNA-Seq was confirmed in a biologically independent experiment using qPCR. Of the 361 candidates, 51 genes showed either no specific amplification or unexpected size amplification. The Pearson correlation coefficient was calculated by SPSS to assess the correlation between different platforms. Number of differentially expressed genes at different times after inoculation. Ve4, Ve12, Ve24, and Ve48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae. Fig. 3 . Cluster analysis was developed by the K-means method on the gene expression profiles. CK indicates the mock control, and Ve4, Ve12, Ve24, and Ve48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae.
Overall, the qPCR measurements were moderately correlated with RNA-Seq results (Fig. 5A , R¼0.509; correlation is significant at the 0.01 level). Gene expression levels estimated by qPCR at 4 h post-inoculation (hpi) showed low correlation with them by RNA-Seq (Fig. 5B, R¼0 .3897; correlation is significant at the 0.01 level). In contrast, the correlations were higher at 12, 24, and 48 hpi and ranged from 0.52 to 0.54 ( Fig. 5C-E) .
Global gene regulation in response to V. dahliae Several subsets of genes, including receptor-like kinases (RLKs), TFs, and phytohormone-responsive genes, were identified.
RLKs: Of the 19 RLKs obtained from differentially expressed genes, classified as leucine-rich repeat RLKs (LRR-RLKs), seven were induced genes and 12 were repressed genes ( Supplementary Fig. S2 at JXB online).
Phytohormone signalling-related genes: Groups of genes involved in different phytohormone signalling pathways during the cotton defence response were characterized by the RNA-Seq approach. The detailed gene expression patterns are shown in Supplementary Fig. S3 at JXB online. The largest group, assigned as ethylene (ET) signal transduction-related genes encoding ethylene receptor (ETR), ethylene response factor (ERF), and ethylene response element-binding protein (EREBP), showed distinct expression patterns. Two jasmonate ZIM-domain (JAZ) genes, with most similarity to JAZ1 and JAZ10 in Arabidopsis, which acted as a repressor in the JA signalling pathway, were identified as suppressed based on RNA-Seq. Another two genes encoding non-expressor of pathogenesis-related protein 1 (NPR1), the key regulator of the salicylic acid (SA)-mediated defence response, were detected as suppressed during the cotton defence response. Two types of abscisic acid (ABA) signalling pathway genes were identified, including six induced ABA-deficient genes and four suppressed ABA-insensitive genes. A group of genes encoding enzymes involved in the gibberellin (GA) biosynthetic pathway has been isolated, including GA 3-b hydroxylase, GA 20-oxidase, and GA 2-oxidase. Some auxin-related genes were identified with different expression patterns.
TFs: A total of 172 regulated TFs were identified, including WRKY, AP2/EREBP, bZIP/HD-ZIP, MYB, C x H y zincfinger, WD-40 repeat family protein, BTB/POZ domaincontaining protein, bHLH, NAC, MYC, and the remainder represented different classes of TFs with unknown roles, some of which have been reported to be critical components of plant adaptive response to biotic and abiotic stresses. The majority of TFs were suppressed based on the RNA-Seq analysis after pathogen inoculation, which correlated moderately with the results by qPCR ( Supplementary Fig. S4 at JXB online).
Phenylpropanoid pathway-related genes: A subset of genes participating in multiple branches of the phenylpropanoid pathway, including lignins, flavonoids, and phenolic compounds, were identified based on RNA-Seq analyses. Global transcriptome changes focused on 15 types of phenylpropanoid pathway-related genes during defence responses of cotton to V. dahliae have been examined. The expression patterns of the characterized genes are shown in Supplementary Fig. S5 at JXB online. The results were also verified by qPCR and correlated well with the results of qPCR ( Supplementary Fig. S5 , R¼0.677; correlation is significant at the 0.01 level). An overview of the phenylpropanoid pathway and the expression profiles of identified genes involved in these pathways during cotton and V. dahliae interactions are shown in Fig. 6 . The red box contains enzymes that function in the core phenylpropanoid pathway, including PAL, cinnamate 4-hydroxylase (C4H), and 4-coumarate:CoA ligase (4CL). After that, the pathway leads to three specific branch pathways for the formation of lignins, anthocyanins, and flavonoids. Most of the identified genes involved in this pathway were up-regulated after pathogen inoculation, except flavanone 3-hydroxylase (F3H) and anthocyanidin synthase (ANS). Some of the genes exhibited both up-and down-regulated expression patterns, including 4CL, CHS, caffeoyl-CoA O-methyltransferase (CCoAOMT), and cinnamyl alcohol dehydrogenase (CAD). Overall, the results indicated the activation of the phenylpropanoid pathway in the cotton defence response to V. dahliae.
To better characterize the gene function and the difference between resistant and susceptible cotton after pathogen inoculation, a subset of genes was subjected to qPCR and RT-PCR analysis during the interactions between V. dahliae and both cotton lines, including the genes functioning in the core phenylpropanoid pathway and the synthesis of lignin. The relative expression level obtained by RNA-Seq after taking the equation and logarithmic transformations of TPM and also by qPCR for data verification is shown in Fig. 7 . To understand the absolute gene Fig. 6 . Overview of putative phenylpropanoid pathway involved in cotton and expression profiles of genes involved in this pathway (Ferrer et al., 2008) . The box includes the critical enzymes comprising the entry pathway. Enzymes coloured in purple or green indicate the induction or suppression of the genes, respectively. Enzymes in black are those with both increased and decreased transcripts, whereas enzymes shown in grey are those that have not been identified in the present study. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; IFS, isoflavone synthase; IFR, isoflavone reductase; FS, flavone synthases; F3H, flavanone 3-hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol-4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; UFGT, UDP-flavonoid glucosyltransferase; C3H, p-coumarate 3 hydroxylase; HCT, hydroxycinnamoyl transferase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoyl-CoA O-methyltransferase. expression level, RT-PCR results and the original TPM obtained by RNA-Seq are also shown in Supplementary  Fig. S6 at JXB online. Overall, most of the genes examined were induced after V. dahliae inoculation in both susceptible and resistant cotton plants, with the exception of CHS-4 and CCoAOMT-1, both by qPCR and by RT-PCR. Moreover, the genes displayed a lower expression level and delayed increase in the inoculated susceptible cotton plants.
Measurement of enzyme activity in the cotton defence response
The activities of enzymes involved in the phenylpropanoid pathway leading to the synthesis of lignin, including PAL and POD, were measured in both G. hirsutum (susceptible) and G. barbadense (resistant) after V. dahliae inoculation (Fig. 8) . The activity of PAL appeared to be stimulated at Fig. 7 . Detailed expression profiles of genes in the major lignin biosynthetic pathway. The relative expression level was obtained by RNASeq after taking the equation and logarithmic transformations of TPM, and also by qPCR for data verification. White and black columns refer to G. hirsutum (susceptible) and G. barbadense (resistant), respectively. Error bars represent the SD for three independent experiments, and three technical replicates were analysed. CK, 4, 12, 24, and 48 on the x-axis refer to control and 4, 12, 24, and 48 h after inoculation with V. dahliae. 1 h after V. dahliae inoculation in roots from both susceptible and resistant cotton plants and decreased at 144 h after inoculation. PAL activity of resistant plants was maintained at a high level from 12 h to 144 h after inoculation, whereas it accumulated to a relatively low degree in susceptible cotton plants compared with resistant plants. PAL activity of stems showed patterns distinct from its activity in roots. The inoculation of resistant plants led first to an increase that peaked at 12 h and then a second lesser increase detected after 48 h and peaking at 96 h. The inoculated susceptible plants only showed a slight increase at 4 h, which coincided with the first peak in resistant plants, and then decreased at 12 h. Interestingly, PAL activity of roots from both control plants also showed a slight increase, but showed no appreciable changes in the stems.
Similar POD activities were observed in root and stems from both susceptible and resistant plants, which increased continuously after pathogen inoculation and slightly increased in both control plants. In agreement with the enzyme activity of PAL, the resistant plants accumulated a higher level of POD activity than susceptible plants both in roots and in stems.
Histochemical localization and quantitative analysis of lignin
The phloroglucinol-HCl (Wiesner) reaction was used to detect the lignin on stem cross-sections. The analyses of both resistant and susceptible cotton plant lines were carried out before inoculation and 14 d after inoculation, which may reflect different stages of stem growth. All lines showed a deep magenta stain in the xylem. Little difference was seen between the untreated resistant and susceptible cotton plants as well as mock-inoculated resistant and susceptible cotton plants, with the exception that the pith diameter of susceptible plants was a little bigger than that of resistant plants (Fig. 9A-H) . However, the cross-sections of the inoculated susceptible cotton stems showed delayed development of xylem and decreased lignified xylem bundles, vessels, and interfascicular fibres compared with the inoculated resistant cotton (Fig. 9I-L) .
These distinct features prompted the performance of additional analyses to better define the lignin content and monomeric composition of the two different cotton lines. Lignin contents were estimated in cell wall residues (CWRs) obtained by solvent extraction of ground freeze-dried stem tissues by the improved Klason method. Inoculation of the two cotton lines with V. dahliae resulted in increases in the total stem lignin content at 14 d after treatment, but the increase in resistant plants reaching 5% was more significant than in susceptible plants at 3%. At 25 d after inoculation, the resistant cotton line also responded to V. dahliae inoculation with a 5% increase in stem lignin compared with the control (Table 2 ). The susceptible cotton plants were not analysed at 25 d after inoculation because they died quickly once they showed the symptoms of disease.
To better determine the nature of cotton stem lignins, nitrobenzene oxidation was adopted to analyse the monomer composition in the CWRs isolated from both control and inoculated cotton stems. The analysis of nitrobenzene oxidation products revealed that cotton stem lignins contained a higher proportion of guaiacyl (G) and syringyl (S) units and a lower proportion of p-hydroxyphenyl (H) units, which only accounted for 5-10%. Stem lignins of inoculated resistant plants contained almost 2-fold the level of H units compared with susceptible plants. Furthermore, in both control and inoculated resistant plants, H units accounted for ;10% at 25 d after treatment. The G/S ratios of inoculated resistant cotton increased compared with the control from 0.98 to 1.85 and from 1.74 to 2.56 at 14 d and 25 d after treatment, respectively. In contrast, the G/S ratios of susceptible cotton decreased from 1.31 to 1.02 after V. dahliae inoculation (Table 2) .
Discussion
Because of the special features of allotetraploid cotton with a large and complex genome, comprehensive sequence information describing the genome or transcriptome of cotton has not been elucidated. Moreover, previous studies provided too limited information to determine the complex transcriptome dynamics during the cotton defence response. The recent availability of high-throughput sequencing technologies provides an unprecedented opportunity to explore the defence response thoroughly by large-scale expression profile analysis, despite uncharacterized genome sequences.
An experimental approach was designed to study the resistant mechanisms during incompatible interaction between cotton and V. dahliae. Four different sampling time points, 4, 12, 24, and 48 h after inoculation, were chosen to coincide with crucial stages of fungal infection and to isolate the early pathogen-responsive genes. The time point, within the first 12 hpi, often corresponds to fungal spore germination and penetration of the epidermal cells (Fradin and Thomma, 2006) . Complex perception, transduction, and exchange of signals usually occur in the early stages of fungal infection (Zhang and Klessig, 2001; Kunkel and Brooks, 2002; Jones and Dangl, 2006) . A thorough pre-processing of the sequencing data combined with an advanced mapping strategy was applied for the expression profiling analysis by RNA-Seq. To obtain longer cotton sequence contigs, an assembly of cotton gene sequences was performed before tag mapping. The extremely low abundance transcripts were also filtered because of the effect of sequencing error. Clean tags mapped to multiple genes were filtered as suggested by Birzele et al. (2010) . In total, ;50% of the tags sequenced could be assigned to genes and were used for gene expression profiling. Compared with other studies, the proportion was relatively low, which may be partly explained by the fact that most of the sequences existing in the database were generated from cotton fibre. In addition, cotton has a larger number of as yet unknown genes and expressed elements. The other 50% are likely to correspond to as yet unknown transcripts or splice variants, novel exons or untraslated regions (UTRs), and RNA genes. Therefore, the result of 50% appears to be reasonable. An attempt was also made to map to the well-annotated genome of A. thaliana because there is no closely related species which could be made use of. As a result, just 4% of the tags can be mapped, due to the species diversity as well as the UTR specificity.
Much work was performed on validating the RNA-Seq method by qPCR to determine whether the novel technology for analysis of a non-model organism with no reference genome is available. A group of selected genes with different expression levels and functional assignments were analysed by qPCR. Compared with previous studies, the result exhibited a moderate correlation between the two different platforms, which may be explained by the lack of a reference genome. Although an improved bioinformatics pipeline should be developed to adapt RNA-Seq to measure gene expression profiles in cotton, the results still suggested that RNA-Seq can be used for gene expression profiles during the cotton defence response. As a result, the early collected sample will be more affected by the sampling process and method.
Groups of genes identified as LRR-RLKs, phytohormone signalling-related genes, and TFs were assayed by RNA-Seq during the cotton defence response. Detailed elucidation of the response of these genes described the interplay of signals that allowed the plant to fine-tune defence responses. Plant RLKs are transmembrane proteins with putative extracellular domains and intracellular protein kinase domains, which can perceive external signals and initiate signal cascades (Gou et al., 2010) . RLKs control a wide range of processes, including development, disease resistance, and hormone perception. Plant innate immunity depended on the timely perception of the signals, which can be accomplished by pattern recognition receptors (PRRs), including well characterized LRR-RLKs (Panstruga et al., 2009) . The identification of groups of LRR-RLKs in the gene expression profiles based on RNA-Seq suggested putative roles for LRR-RLKs in mediating early events in the response of cotton to V. dahliae. Both up-regulated and down-regulated expression patterns implicated the putative multiple pathways recognized by LRR-RLKs during the cotton immunity.
Phytohormones such as ABA, JA, ET, SA, auxin, GA, cytokinin, and brassinosteroids appeared to play critical roles in the complex signalling cascades and were integrated into current models of defence responses (Bari and Jones, 2009) . In summary, the complicated expression of these genes indicated the extraordinary complexity of signalling pathways regulated by phytohormones during the cotton defence response to V. dahliae. However, the exact role of these hormones and the cross-talk between them to finetune the defence response of cotton to V. dahliae remains to be discovered.
TFs always act as master switches by controlling the expression of series of genes with slight changes in expression to regulate different plant development or response to biotic and abiotic stresses (Singh et al., 2002) . The majority of TFs were suppressed based on the RNA-Seq analysis after pathogen inoculation, which suggested that establishment of the cotton resistance to V. dahliae might require the down-regulation of some kinds of genes to modulate the plant immune signalling network.
Secondary metabolites play a fundamental role in the plant's ability to fight against invading pathogens, which is derived from multiple pathways, including terpenoid, phenylpropanoid, and nitrogen-containing substances based on different biosynthesis substrates and pathways (Makkar et al., 2007) . Systematic analyses on a global range of genes involved in multiple branches of the phenylpropanoid pathway have been reported for Arabidopsis, rice, tomato, and legume plants, such as Medicago truncatula, alfalfa, pea, and soybean (Kandan et al., 2002; Liu et al., 2002; Scheideler et al., 2002; Zabala et al., 2006; Azaiez et al., 2009; Uppalapati et al., 2009) . Although some reports provided evidence to suggest that lignin, flavonoid phytoalexins, and phenolic compounds play important roles during the cotton defence response to V. dahliae (Dubery and Smit, 1994; Smit and Dubery, 1997; Cu et al., 2000; Mcfadden et al., 2001) , none reported on the overall analysis of transcriptome changes of phenylpropanoid pathway genes in cotton. The present results revealed global gene expression profiles of the phenylpropanoid pathway in response to V. dahliae. The genes identified by RNA-Seq in this study almost represented the main branches of the phenylpropanoid pathway, which led to the synthesis of lignin, flavonoid, anthocyanin, and proanthocyanidin. As a result the study focused on the phenylpropanoid pathway with an emphasis on the synthesis and deposition of lignin.
Previous studies have demonstrated that the lignin pathway is activated in the characterized incompatible pathosystems because lignification and reinforcement of cell walls are important processes in the response of plants to fungal infection (Naoumkina et al., 2010) . In particular, some reports revealed that lignin played critical roles in plant responses to V. dahliae. The synthesis and deposition of lignins were examined after exposure of cotton hypocotyls to an elicitor of V. dahliae, which was assumed to be a physical barrier to make the cell wall more resistant to mechanical pressure during fungal penetration (Smit and Dubery, 1997) . Inoculation of pepper with V. dahliae increased the total stem lignin content, which suggested that lignification may be a mechanism through which pepper could restrict the growth of V. dahliae hyphae in the xylem (Pomar et al., 2004) . Moreover, inoculation with V. dahliae also induced a significant increase in the total amount of lignin in tomato roots in both a susceptible line and a resistant line, although at earlier times in the latter (Gayoso et al., 2010) . Some genes encoding the enzymes involved in the lignin pathway exhibited increased expression, which indicated the putative role of lignin in the cotton defence response. More evidence was required to elucidate the definite role of lignin in the cotton defence response to V. dahliae.
To investigate thoroughly the difference in these genes between G. hirsutum (susceptible) and G. barbadense (resistant) after V. dahliae inoculation, a subset of genes functioning in the core phenylpropanoid pathway and the synthesis of lignin were submitted to qPCR and RT-PCR analyses based on relative and absolute gene expression levels, respectively. As expected, most of the examined genes were induced after V. dahliae inoculation in both susceptible and resistant cotton plants, with the exception of CHS-4 and CCoAOMT-1, by both qPCR and RT-PCR. Moreover, the genes displayed a lower expression level and delayed increase in the inoculated susceptible cotton plants.
The activities of enzymes involved in the core and entry pathway of the phenylpropanoid pathway and biosynthesis of lignin were also measured in this study. PAL played an essential role in the phenylpropanoid pathway and has been reported to be responsive to both biotic and abiotic stress, including pathogen attack, wounding, cold, and UV light (Huang et al., 2010) . POD is involved in the polymerization of monolignols into lignin and reinforcement of the cell wall after pathogen attack and wounding (Marjamaa et al., 2009) . In this study, both PAL and POD activity were stimulated after V. dahliae inoculation, in both susceptible and resistant cottons. However, compared with resistant plants, the inoculated susceptible plants showed an obviously slower rate of increase and lower enzyme activities. Together with the gene expression profiles, it was speculated that the most significant difference between susceptible and resistant plants was whether or not the plants could activate the pathway in a timely and efficient manner. Interestingly, there was also a slight increase in PAL and POD activities in the roots of both control plants. This was explained by the fact that the wounding treatment of roots is responsible for the increase in enzyme, which agreed with other studies which showed that wounding stress can induce PAL expression and activity (Huang et al., 2010) . However, PAL activity was induced quickly in both roots and stems of susceptible and resistant plants, compared with POD activity, which confirmed the position of the two enzymes involved in the phenylpropanoid pathway. A similar result was also observed in the cotton defence response to elicitor of V. dahliae and in the tomato defence response to V. dahliae (Smit and Dubery, 1997; Gayoso et al., 2010) . The stem was used to investigate lignin histochemistry, content, and monomeric composition, subsequently. Therefore, PAL and POD activities were also detected in the stem. Enzyme activity also increased after pathogen inoculation in stems, and POD activity shared a similar pattern with that seen in roots, but PAL activity did not.
Because of the differentially expressed genes and induced enzyme activity of PAL and POD, together with the apparent phenotypes between inoculated susceptible and resistant cotton plants, histochemical analyses were performed using cross-sections of both stems by Wiesner reagent. No difference was evident compared with the control plants, and development of metaxylem and lignification of xylem progressed quickly during the 14 d after treatment. Moreover, the inoculation of V. dahliae only significantly affected the vascular development of susceptible cotton plants but not resistant plants, including delayed development of xylem and decreased number of lignified xylem bundles, vessels, and interfascicular fibres, which may be responsible for the disease symptoms characterized by severely stunted growth and wilting of inoculated susceptible cotton. Although no appreciable changes were seen in the histochemical analysis of stem lignins at 14 d after inoculation, the resistant cotton showed slightly stunted growth.
Direct speculation on the content of lignin deposition in the cell wall is not possible from the difference of staining colour and the degree of lignification because of the variable thickness of hand-cut cross-sections. The result of quantitative analysis of lignin correlated with the analyses of the expression profiles of related genes and enzyme activities. Inoculated resistant cotton plants can accumulate more lignin compared with susceptible cotton at 14 d after V. dahliae inoculation. This result, together with the gene expression profiles and enzyme activity analyses, suggested that the pathway was assigned to both basic and induced resistance mechanisms in the cotton and V. dahliae interaction.
Lignins are synthesized from the oxidative coupling of three monolignols, named p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). The proportions of the three main units in the cell wall vary according to plant species and tissue type (Bhuiyan et al., 2009) . It has been demonstrated that plants can adopt effective mechanisms to restrict the pathogen spread in the vascular structure, by changing the monomer composition and cross-linking to reinforce the cell wall (Pomar et al., 2004; Gayoso et al., 2010; GallegoGiraldo et al., 2011) . In view of this fact, nitrobenzene oxidation was developed to study the lignifications of both resistant and susceptible cotton when exposed to V. dahliae. The analysis of nitrobenzene oxidation products revealed that cotton stem lignin contained a higher proportion of G and S units and a lower proportion of H units, in agreement with the fact that dicotyledon lignin displays mainly G and S units. An increase in the G/S ratio was noticed in the inoculated resistant cotton stems compared with that of control plants at both 14 d and 25 d after treatment, whereas the G/S ratio was decreased in susceptible cotton after V. dahliae inoculation. Overall, the resistant cotton displayed increased amounts of G and H units and a decreased amount of S units, and G lignin was hypothesized to play a pivotal role in the cotton defence response. The result suggested that the resistant cotton stems were more cross-linked after pathogen inoculation and the resistant cotton stems at 25 d after treatment were more cross-linked than at 14 d. Similar results also were reported in pepper and tomato after V. dahliae inoculation (Pomar et al., 2004; Gayoso et al., 2010) . In accordance with these reports, it was suggested that increased lignification and cross-linking of resistant cotton stems help them to restrict pathogen growth in the vasculature. By combining histochemical and biochemical data, it was speculated that gene expression levels, enzyme activities, total lignin levels, and the degree of putative lignification were increased after inoculation. Overall, a critical role for lignin was deduced to contribute to the cotton disease resistance.
In addition, phenylpropanoid products may have important roles not only as phytoalexins but also as signal molecules in the plant defence response . The rapid accumulation of flavonoids, which were measured after pathogen inoculation in both control and inoculated cotton roots, suggested the possibility of flavonoids acting as signal molecules. The exact molecular mechanism is still poorly understood. The transcriptional analysis of these genes from the multiple branches of the phenylpropanoid pathway helped to better understand the molecular mechanism of the cotton defence response to V. dahliae. Further characterization of these genes may provide candidates for genetic improvement of cotton. Moreover, identification of transcription factors affecting the phenylpropanoid pathway and lignin synthesis and deposition will provide new insights into the control of plant development and disease resistance.
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Data S1. TPM of differential expression genes at different time after inoculation with V. dahliae. Fig. S1 . The representative symptoms of diseased cotton seedlings in the field (A) and anatomical analysis of the diseased cotton stem (B). Fig. S2 . Expression of LRR-RLKs identified by RNASeq (A) and validation by qPCR (B). CK refers to the mock control, and VE4, VE12, VE24, and VE48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae. Fig. S3 . Detailed expression patterns of defence-responsive genes identified in different phytohormone signalling pathways and data validation by qPCR. CK refers to the mock control, and VE4, VE12, VE24, and VE48 refer to 4, 12, 24, and 48 h after V. dahliae inoculation. JAZ, jasmonate ZIMdomain; NPR1, non-expressor of pathogenesis-related protein 1; ACO, 1-aminocyclopropane-1-carboxylate oxidase; ETR, ethylene receptor; ERF, ethylene response factor; ARF, auxin response factor; ABA, ABA-deficient gene; ABI, ABA-insensitive gene; GA4, GA 3-b hydroxylase; GA20O, GA 20-oxidase. Fig. S4 . Expression of TFs identified by RNA-Seq (A) and validation by qPCR (B). CK refers to the mock control, and VE4, VE12, VE24, and VE48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae. Fig. S5 . Detailed expression patterns of defence-responsive genes identified in the phenylpropanoid pathway and data validation by qPCR. CK refers to the mock control, and VE4, VE12, VE24, and VE48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; IFR, isoflavone reductase; FS, flavone synthases; F3H, flavanone 3-hydroxylase; FLS, flavonol synthases; DFR, dihydroflavonol-4-reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; UFGT, UDP-flavonoid glucosyltransferase; CCR, cinnamoyl CoA reductase; CCoAOMT, caffeoyl-CoA O-methyltransferase. Fig. S6 . Detailed expression profiles of genes in the major lignin biosynthetic pathway. The absolute gene expression levels were obtained by RT-PCR and the original TPM of RNA-Seq. CK refers to the mock control, and 4, 12, 24, and 48 refer to 4, 12, 24, and 48 h after inoculation with V. dahliae. PAL, phenylalanine ammonia-lyase; 4CL, 4-coumarate:CoA ligase; C4H, cinnamate 4-hydroxylase; CHS, chalcone synthase; CCR, cinnamoyl CoA reductase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase. Table S1 . Primers used for qPCR Table S2 . Primers used for RT-PCR
